We examined accommodative vergence eye movements under conditions in which feedback about retinal-image slip was and was not present (i.e. closed-loop and open-loop conditions). We found that (a) in both conditions the two eyes started to move at the same time; (b) in the open-loop condition, vergence continued in both eyes; and (c) in the closed-loop condition, vergence continued in the occluded eye only, and the magnitude and velocity exceeded that of the occluded eye in the open-loop condition by a factor of two.
Introduction
It has been known for some time that producing an accommodative change in one eye, while the other eye is occluded, results in movement of the occluded eye (Mü ller, 1826) , and either: (a) relatively little movement of the viewing eye (Hermann & Samson, 1967; Kenyon, Ciuffreda & Stark, 1978; Ono & Nakamizo, 1978; Cumming & Judge, 1986) or (b) no movement of the viewing eye (Alpern & Ellen, 1956; Keller & Robinson, 1972; Enright, 1992) . Traditionally, these accommodative vergence eye movements have been studied by placing a lens in front of the viewing eye or by stepping the stimulus from one distance to another along the visual axis of the viewing eye, and analyzing the resultant eye movement types, amplitudes, and velocities. These eye movements are of interest because of the light they can shed on the underlying mechanisms that control the oculomotor system. To this end, we performed three experiments to examine accommodative vergence eye movements under both open-loop and closed-loop conditions. In the open-loop condition, the horizontal position of the accommodative stimulus was yoked to the horizontal angular position of the viewing eye. This eliminated the slip of the target's retinal-image that was caused by movement of the viewing eye. By comparing the magnitudes and the velocities of the eye movements in the two conditions, we hope to gain some insight into how retinal image slip contributes to maintaining the viewing eye relatively stationary in the traditional closed-loop investigations of accommodative vergence eye movements. The theoretical implications of our results are addressed in the General Discussion in the light of the following three competing hypotheses: the holding reflex hypothesis, the additivity of version and vergence innervations hypothesis, and the independent control hypothesis.
Experiment 1
The stimulus for both the closed-loop and the openloop condition consisted of a vertical line, presented on a CRT screen, and accommodative changes were induced by a 3-diopter concave lens. In the closed-loop condition, the stimulus remained fixed at the center of the screen, whereas in the open-loop condition its hori-zontal position was yoked to the position of the viewing eye. Movements of both the occluded eye and the viewing eye were measured in both conditions.
Method

Obser6ers
One male and two female university students, in their twenties, participated. All three had normal visual acuity and no abnormal eye movements were observed. Two of the observers viewed the stimulus with their preferred eye, and the third viewed it with both her preferred and non-preferred eyes, in separate sessions. All three observers were naive as to the purpose of the experiment.
Stimuli and apparatus
The stimulus consisted of a vertical line formed by applying triangular waves (10 kHz) to the Y axis of an X -Y display, (Tektronix 1300A), positioned 100 cm from the observer's corneal plane (see Fig. 1 ). The stimulus was 1.25 cm long by 0.5 mm wide, and had a luminance of 5.5 cd m − 2
. The X -Y display was 26 cm wide by 21 cm high, and was surrounded by a black frame 105 cm wide by 100 cm high. The laboratory was dimly lit and the surface luminance (other than that of the stimulus) of the X -Y display was 0.01 cd m . In the open-loop condition, the horizontal position of the stimulus was yoked to the position of the viewing eye by applying the voltage output from the eye movement monitor to the X axis of the X-Y display. A Butterworth filter with a cutoff frequency of 1 kHz was positioned between the eye tracker output and the X axis of the display to reduce the high frequency noise of the voltage output.
Accommodati6e changes
Accommodative changes were produced by placing and withdrawing a 3-diopter concave lens (3.5 cm in diameter) in the line of sight of the viewing eye, at a point 3.5 cm from the apex of the convex surface of the cornea. The lens was attached to a pen-holder on an X-Y recorder, and a step voltage applied to the Y axis controlled its vertical position (see Fig. 1 ). The range of movement of the lens was 4.5 cm and the duration time of the movement was 13.6 ms.
Eye mo6ement monitor
Binocular eye movements were monitored using a photoelectric method, and were recorded on a FM tape recorder (Sony 609W, with a bandwidth of 1.2 kHz). The system was capable of measuring horizontal eye positions over a range of 30°(15°to the right and left of straight-ahead), with a resolution of 8 min arc (bandwidth: 2 kHz).
Procedure
At the start of each experimental session, the target, (positioned at the center of the CRT), the lens, and the viewing eye were aligned as precisely as possible to eliminate any horizontal prism effects introduced by placing or withdrawing the lens in the line of sight. This was achieved as follows. First, observers fixed their head in place by biting down on a biteboard, which was positioned such that the target was straight ahead of their nose. Second, a vertical line etched, on a transparent acrylic plate, was positioned at a distance of 10 cm from the cornea of the viewing eye, and its horizontal position was adjusted until it appeared collinear with the target line. Third, the horizontal position of the lens was adjusted, so that the vertical and the target lines always overlapped when the lens was positioned in the line of sight.
The eye movement monitor was calibrated by having observers fixate targets under two viewing conditions: with and without the lens positioned in the line of sight of the viewing eye. In both conditions, calibration targets were presented on the CRT screen at 1.7, 3.5, and 4.2 cm to the right and left of the median line. After calibration, an occluder (a 6× 2 cm piece of black paper) was placed 3 cm in front of one eye.
During the experiment, observers fixated the target, presented at the center of the CRT. When its image appeared clear they pressed a button to commence the session. Two to four seconds after the button was pressed, the concave lens was placed (or withdrawn) in tained within the time period of 150 ms before and after each of the plotted data points. Data points during abrupt eye movements and within 150 ms before and after the abrupt eye movements were not smoothed. The start and finish of abrupt eye movements were defined as those that exceeded 5°s − 1 and that fell below 5°s − 1 , respectively (Bahill, Brockenbrough, & Troost, 1981) . The dashed vertical line in the figures indicates the time at which the concave lens was withdrawn.
The eye movement traces from the open-loop condition (Fig. 2) were quite different from those in the closed-loop condition (Fig. 3) . The first and second traces indicate that in the open-loop condition, both eyes started to rotate outward at nearly the same time and they rotated with almost the same amplitude. On the other hand, the eye movement traces in the closedloop condition indicate that the viewing eye remained nearly stationary and the occluded eye made large movements. The third and fourth traces indicate that the velocities of the left and right eyes were nearly the same in the open-loop condition, whereas in the closedloop condition, the velocity of the occluded eye was consistently higher than that of the viewing eye. the line of sight of the viewing eye. The observers' task was to continue viewing the target (for at least 20 s), until its image once again became clear. In each session, the lens was placed and withdrawn twice in the closedloop condition, and three times in the open-loop condition. The presentation orders of the closed-loop and open-loop conditions were randomized. Each observer completed 10 experimental sessions, the first three of which were practice sessions to 'train' them to change fixation with as few blinks as possible.
Results and discussion
Typical traces comprising a series of convergence and divergence movements from the open-loop and closedloop conditions are presented in Fig. 2 and Fig. 3 , respectively. In both figures, the first and second traces represent the horizontal positions of the right (the viewing eye) and left eyes (the occluded eye), respectively, and rightward rotation is indicated by an upward movement. The third and fourth traces represent the velocities of the right and left eyes, respectively, and were formed by plotting smoothed values obtained through the arithmetic averaging of data points con-The eye movement data obtained in our closed-loop condition (Fig. 3) were similar to the 'normal' accommodative vergence eye movements reported by other researchers (Hermann & Samson 1967; Kenyon et al., 1978; Ono & Nakamizo, 1978) . The first and second traces in Fig. 3 indicate that both eyes started to rotate outward at almost the same time. This initial vergence was observed in the eye movement traces of all three observers. After this initial vergence, the viewing eye returned to its initial position by means of a single or multiple 'corrective' saccade(s), while the occluded eye continued to rotate outwards until the vergence angle required by the accommodative change was achieved. Also, the first and second traces in Fig. 3 show the saccade(s) for the viewing eye to be smaller than that for the non-viewing eye. The third and fourth traces indicate that all abrupt eye movements during the accommodative vergence, as well as during other periods, were synchronized in time and direction.
To calculate the magnitude and velocity of each eye's rotation, the digitized horizontal position values of each eye were sampled at 10 ms intervals by an A/D converter. The magnitude of each eye's rotation was defined as the difference between the average eye position in the period 2 s before the start, and 2 s after the end of the accommodative vergence movement. The accommodative vergence movement was defined as the section of eye movements in which the difference between the left and the right eyes' velocities exceeded 1°s − 2 for at least 1 s. Eye velocity was calculated by passing the eye tracker's analog voltage output through an 85 Hz Butterworth filter, digitizing the output, and dividing by the time base. The velocity of each eye was defined as the smoothed value obtained through the arithmetic averaging of data points within 150 ms before and after each of the data points. Abrupt eye movement data were replaced with data constructing a straight line using linear interpolation. Records containing the following types of eye movements were excluded from the analysis: (a) binocular saccades or tracking pursuits (slow version) of 1°or more in the open-loop condition; (b) accommodative vergence movements preceded or ended (i.e. the intervals 2 s before and after the accommodative vergence movement) with a saccade of 1°or more in the closed-loop and open-loop conditions, and (c) blinks. The majority of the data excluded from the analysis were excluded due to the presence of type (a) eye movements. These types of movements occurred in the open-loop condition when the stimulus deviated slightly from the visual axis at the outset of the trial. Such deviations produced unusable 'run-away' eye movements, in which the eyes rotated out of range of the eye tracker. These unusable data resulted from the oculomotor system's attempt to bring the stimulus to the visual axis; an impossible task because stimulus position was yoked to eye position.
Presented in Table 1 are the magnitudes and peak velocities of eye rotations for each observer in each condition. The L (left eye) or R (right eye) in parentheses following the initials of each observer represents the viewing eye. Column 't1' shows the results of paired t-tests comparing the magnitudes and peak velocities of the occluded eye to those of the viewing eye, in the open-loop condition. These results indicate no significant differences, for any of the observers, in either the convergence or the divergence conditions (P\ 0.3). Column 't2' shows the results of paired t-tests comparing the magnitudes and peak velocities of the occluded eye in the open-loop condition, to those in the closedloop condition. These results indicate significant differences, in all three observers, in both the convergence and divergence conditions (P B 0.05).
In summary, the result common to both the openloop and the closed-loop condition was that both eyes started to rotate outward or inward at approximately the same time, in response to the accommodative change. The result unique to the open-loop condition was that the initial vergence movements continued in both eyes, and the velocities and magnitudes of each eye's rotation were approximately equal. One possible explanation of this equal movement of the two eyes is that it is due to the target moving back and forth along the median plane and being seen as such. Another explanation is that in the absence of feedback the eyes move into a symmetrical position. Neither explanation, however, can account for our finding that the onset of the eye movement preceded the stimulus movement, and that the onset of the movement was identical in both the open-loop and the closed-loop conditions. The latter issue is addressed further in Section 3. The results unique to the closed-loop condition were as follows: (a) the initial vergence movement continued in the occluded eye only, and the magnitude and velocity of this movement exceeded that of the occluded eye in the open-loop condition, by a factor of approximately two; (b) the initial vergence movement of the viewing eye ceased, and the eye returned to its original position by means of a single or multiple corrective saccade(s); and (c) the onset of the saccadic eye movements were synchronized in time and direction, although those for the viewing eye were almost always smaller and a few were difficult to detect.
Experiments 2 and 3
In Experiment 1, accommodative changes were induced by a 3-diopter concave lens and the accommodative stimulus was always presented in the observer's median plane. To ensure that the observed eye movements were not related to the prism effects of the lens, we repeated Experiment 1 using targets, aligned with the viewing eye, presented at two different distances (Experiment 2). In addition, the accommodative stimulus was presented 5°to the left and right of straight ahead to: (a) generalize the results of the open-loop condition to asymmetrical stimulus situations and (b) check whether or not the results from Experiment 1 were an artifact of our presenting the stimulus straight ahead of the nose (Experiment 3).
Method
Obser6ers
Four male and four female senior high school and university students, under 25 years of age, participated. Four of the observers (two males and two females) participated in Experiment 2 and the other four participated in Experiment 3. All eight had normal visual acuity and no abnormal eye movements were observed. Also, all eight were naive as to the purpose of the experiments.
Stimuli and apparatus
An illustration of the stimuli and apparatus is presented in Fig. 4 . The far stimulus consisted of a black cross on a white acrylic plate, and the near stimulus consisted of a thin vertical line etched onto a transparent acrylic plate. The top of the transparent acrylic plate was visible as a horizontal line thus making the near stimulus appear as a 'T'. Both the vertical and horizontal line segments of the far stimulus were 1.1°l ong by 3.4 min arc wide, and the near stimulus was 0.5°long by 2.1 min arc wide. The distance from the cornea of the observer's left eye to the far and near stimuli were 100 and 33 cm, respectively. The laboratory was dimly lit and the stimuli were illuminated by LEDs (Stanley PG5531KY). The luminance of the far and near stimuli were 0.06 and 0.28 cd m − 2 , respectively. The luminance of the acrylic plates upon which the far and near stimuli were presented were 0.21 and 0.05 cd m − 2 , respectively. Each of the two stimuli could be moved rightward and leftward along a horizontal track, 100 cm in length. In the open-loop condition, the position of the stimuli was controlled by a pair of servo-motors, which received their signals from the eye movement monitor's voltage output. The delay time of the system, (i.e. the time interval between the application of the step voltage and the initiation of target motion), was 38 ms. The maximum speed of the stimuli was 80 cm s
, and, when in the center of the track, the angular velocity of the far and the near stimuli were 46 and 137°s − 1 , respectively. The area below the horizontal tracks was covered with a black plate, and a black curtain was hung 2 m from the observer, to form a uniform background.
Eye mo6ement monitor
Binocular eye movements were monitored by a pair of slit scan cameras (Hamamatsu Photonics C1000) which tracked the first Purkinje image. The sampling time was 2.8 ms, the measurement range was 20°to the right and to the left, and the resolution was 6 min arc (bandwidth: 360 Hz). The data were recorded on a FM tape recorder (Sony 609W with a bandwidth of 1.2 kHz).
Procedure
At the start of each experimental session, the observers were positioned as follows. First, they fixed their head in place by biting down on a biteboard, positioned such that the vertical line of the far stimulus was (a) straight ahead of their nose in Experiment 2; and (b) 5°t o the left or right of the median line in Experiment 3. Second, the horizontal position of the near target was adjusted so that it overlapped the vertical line of the far target when viewed by the left eye. Third, the vertical position of the head was adjusted so that, when the observer viewed the far target with the left eye, the horizontal line segment of the cross appeared just above the upper edge of the acrylic plate upon which the near target was etched.
The eye movement monitor was calibrated by having observers fixate targets, (2, 5, and 10°to the right and left of straight-ahead), presented at both the far and the near viewing distances. After calibration, an occluder (a 5× 2 cm piece of black paper) was placed 2 cm in front of the right eye.
During the experiment, observers fixated the illuminated target until its image appeared clear, at which time they pressed a button to commence the session. Two to four seconds after the button was pressed, the LEDs of that target were turned off and those of the other target were turned on. The observer's task was to focus on the newly illuminated target (for at least 20 s) until its image became clear. In each session, convergence and divergence stimuli were presented twice in the closed-loop condition, and three times in the openloop condition. Each observer completed eight experimental sessions in Experiment 2 and 16 sessions in Experiment 3, the first three of which were practice sessions to 'train' them to change fixation with as few blinks as possible.
Results and discussion
The eye movement traces from both the open-loop and closed-loop conditions were virtually identical to those obtained in Experiment 1. Moreover, in the closed-loop condition, changing fixation from one target distance to the other elicited the same small vergence and refixation movements of the viewing eye, as those elicited by placing (or withdrawing) the concave lens in the line of sight of the viewing eye in Experiment 1. Thus, the small movements of the viewing eye in the closed-loop condition in Experiment 1 were not an artifact of the way in which the accommodative change was induced. Conversely, the lack of small eye movements in the open-loop condition, in Experiment 2, was not an artifact of the 38 ms delay time of the mechanical system used to yoke the horizontal position of the target to the position of the viewing eye.
Eye movement data were analyzed in the same way as those in Experiment 1. The mean magnitudes and peak velocities of each eye's movements, in the openloop and closed-loop conditions from Experiment 2, are presented in Table 2 . As in Table 1 , column 't1' shows the results of paired t-tests comparing the magnitudes and peak velocities of the occluded eye, to those of the viewing eye, in the open-loop condition. The results indicate no significant differences, in any of the observers, in either the convergence or the divergence conditions (P\0.3). In other words, in the open-loop condition, the occluded eye and the viewing eye moved to the same extent and with the same velocity in both the convergence and divergence conditions. Column 't2' shows the results of paired t-tests comparing the Table 2 Means and standard deviations (in parentheses) of the magnitudes (deg) (upper line) and peak velocities (deg s magnitudes and peak velocities of the occluded eye in the open-loop condition, to those in the closed-loop condition. The results indicate significant differences, in all observers, in both the convergence and the divergence conditions (PB 0.05).
The mean magnitudes and peak velocities of eye movements, collapsed across the four observers from Experiment 3, are presented in Table 3 . As in Table 1  and Table 2 , column 't1' shows the results of paired t-tests comparing the magnitudes and peak velocities of the occluded eye to those of the viewing eye, in the open-loop condition. The results indicate no significant differences in the magnitudes or peak velocities between the viewing eye and the occluded eye in the open-loop condition, regardless of the direction of the target (P \ 0.3). Column 't2' shows the results of paired t-tests comparing the magnitudes and peak velocities of the occluded eye in the open-loop condition, to those in the closed-loop condition. The results indicate that the magnitudes of eye rotations and the peak velocities of the occluded eye were significantly larger in the closedloop condition than in the open-loop condition, irrespective of the position of the target (P B 0.05).
Given that the results from these two experiments were the same as those from Experiment 1, it is clear that accommodative vergence movements are not dependent on whether the accommodative change is produced by a lens, or by alternately fixating targets positioned at different distances along the visual axis of the viewing eye. In addition, the results from Experiment 3 confirmed that the observed eye movements were not dependent on the accommodative stimulus being presented straight-ahead of the nose. In conclusion, the observed differences between the open-loop and the closed-loop conditions were consistent for all 11 observers from the three different experiments.
General discussion
Our proposed explanation of the results relies on: (a) Hering's Law for vergence innervation for the onset of the eye movement; (b) a mechanism that holds the viewing eye relatively stationary by keeping the image of the stimulus on the fovea for the latter part of the movement; and (c) the magnitude of accommodative change determining the final vergence angle. (For a general discussion of the holding reflex, see e.g. Lynch, Mountcastle, Talbot, & Yin, 1977; Hallett & Adams, 1980; Tam & Stelmach, 1993; Tam & Ono, 1994; Findlay & Walker, 1999 . For a discussion of it applied to accommodative vergence, see Alpern & Ellen, 1956; Enright, 1992) In the closed-loop condition, our finding of no net movement of the viewing eye is explained by a holding reflex designed to maintain the image of the target on the fovea. The small movement of the viewing eye in the closed-loop condition is accounted for by the holding reflex 'correcting' for the vergence eye movement that causes the image of the stimulus to slip on the retina. Alpern and Ellen (1956) use the term 'fixation mediated by the rapid activity of the somatic nervous system (p. 295) ', and Enright (1992) used the term 'visual pursuit' that counteracts the drift caused by symmetrical vergence. In the open-loop condition, our finding that both eyes moved through equal extents is explained by the continuation of the symmetrically balanced vergence innervation, in the absence of any retinal slip to trigger the holding reflex. A weakness of this explanation is that it, by itself, does not account for the occluded eye moving through twice the extent and at twice the velocity in the closed-loop condition than in the open-loop condition (i.e. once the holding reflex is triggered the entire change in vergence angle demanded by the accommodative stimulus is accomplished by the occluded eye). To account for these results, we need to suggest the existence of a complex feedback relationship between accommodation and vergence, as mentioned in Carpenter (1988) , that interacts with the holding reflex.
An alternative possibility, based on the additivity of version and vergence innervations as proposed by Hering (1868 Hering ( /1977 , is as follows. In our open-loop condition there was no stimulus for a versional eye movement and, therefore, there was no additivity of version and vergence. In our closed-loop condition there was a stimulus for a versional eye movement and, therefore, there was additivity of version and vergence. A weakness of this possibility is that it does not address the source of the versional signal in the closed-loop condition. There is time, of course, during the corrective saccade (as with a Rashbash-type step-ramp) to program a pursuit (version) movement based on the slip created by the vergence movement that would add in one eye and subtract in the other. It seems unlikely, however, that the dynamics of the versional eye movement are determined by this slip because it is very small in comparison to the version required to keep the viewing eye on target. The suggestion that the required version is computed from the accommodative requirement 1 is unconvincing to us for two reasons. First, the tautological nature of this suggestion is not addressed. That is, all binocular eye movements can be described mathematically by the additivity hypothesis, and the fact that movements of the two eyes are described by the sum of two components is necessary but is not a sufficient reason to conclude that there are two components or that they sum. (See Appendix A) Second, the accommodative requirement was identical in both the open-loop and closed-loop conditions, yet the pattern of eye movements was quite different.
Although our data do not allow us to determine which of the two hypotheses discussed above is better, they do reject the independent control hypothesis that postulates that innervations to move the two eyes are stimulus specific. This idea that the movements of each eye are under independent control was proposed by Ditchburn (1973) , in reference to the microsaccades associated with binocular fixation 2 , and by King & Zhou (1995) , in reference to binocular pursuit eye movements. Enright (1996) extended this idea to include stimulus situations in which retinal disparity elicits slow-velocity asymmetrical vergence. The independent control hypothesis extended to explain accommodative vergence fails to explain our open-loop data, because the movement of the viewing eye matched that of the occluded eye both in magnitude and velocity. That is, if each eye responded independently, the viewing eye would remain stationary in both the closedloop and the open-loop conditions, because in both conditions the target's retinal image remained on the fovea despite the accommodative change, and thus no movement of that eye was required. In addition, our finding that the viewing eye, of all the observers in the closed-loop condition, began to rotate inward or outward in synchrony with the onset of the convergent or divergent accommodative change, respectively, is not consistent with this hypothesis because from that eye's view no movement is required.
A definitive explanation of the entire sequence of accommodative vergence eye movements is still needed. The definitive result of this study is that the onset of accommodative vergence eye movements in the closedloop condition is identical to that in the open-loop condition. Specifically, symmetrical vergence was observed in both conditions, and it continued in the closed-loop condition only until a small 'corrective' saccade was initiated by the viewing eye. What is now needed is a definitive explanation of the eye movements after the termination of the initially symmetric vergence response.
separate mathematically, say, the northern and eastern components of a northeastern wind does not mean that there are two origins for this wind nor that a northern wind and an eastern wind combined to the northeastern wind. (For a more detailed discussion, see Howard, 1982; Ono, 1980 Ono, , 1983 The mathematics in (1) and (2) make it possible to output the vergence trace, v =M(l)− M(r), and version trace, [=[M(l)+M(r)]/2 of an eye movement monitor. Therefore, printing out the version output would not help us in resolving the disagreement we have with the reviewers. One of the reviewers wrote that: ''Perhaps, if the author's plotted the version form of Fig. 3 , they would also see this!'' No doubt we would find the magnitude of the 'version' movement trace to be one half that of the actual movement of the nonviewing eye. From this output, however, the conclusion cannot be made that version canceled the vergence for the reason given above.
